Enhancement of retroviral transduction efficiency has been achieved by several physical and chemical approaches. However, the application of those methods is hampered by not easily scalable configurations. In this study, instead of looking into the effect of sonoporation, the potential of ultrasonic standing wave fields (USWF) to facilitate retroviral transduction rate was explored. We reasoned that, driven by the primary acoustic radiation force, suspended cells moved to the pressure nodal planes first and formed cell bands. Nanometer-sized retroviruses, circulated between nodal planes by acoustic microstreaming, then used the preformed cell bands as the nucleating sites to attach on. As a result, the encounter opportunity between retroviruses and cells was increased and further facilitated the gene delivery efficiency. Our results showed that mega-Hertz USWF brought K562 erythroleukemia cells (10 6 cells/ml) and vesicular stomatitis virus G-protein (VSV-G) pseudotyped retroviruses (titer of 5 Â 10 6 CFU/ml) into close contact at the pressure nodal planes, yielding a four-fold increment of enhanced green fluorescent protein transgene expression after 5-min USWF exposure in the presence of Polybrene. Furthermore, with a fixed titer of retrovirus, the transduction rate was augmented with the increase of cell concentration. In summary, USWF offer a feasible means to enhance retroviral transduction efficiency in large-scale settings. Gene Therapy (2005) 12, 625-633.
Introduction
Retroviral vectors have been considered most often for ex vivo gene therapy, which involves removal of the relevant target cells from the body, transduction of the cells ex vivo, and subsequent re-introduction of the corrected cells into the patient. 1, 2 Aside from its potential risks of eliciting mutagenicity, 3, 4 retrovirus is also known for its low transduction efficiency. One of the reasons for this notoriety is that retroviral infectivity is diminished by 50% within 4-8 h at physiological temperatures. 5 The probability that retroviruses encounter the target cells before they decay is, therefore, strongly dependent on their initial position relative to the target cells. Attempting to overcome the limitations of a short retroviral half-life and an infection route dependent on the Brownian motion of retrovirus, methods of forcing viral particles to the layer of anchorage-dependent cells by centrifugation, 6 ,7 convective flow of virus-containing medium, 8 and magnetofection 9 have all been demonstrated to improve the efficiency of gene transduction. However, the aforementioned strategies cannot be easily adopted for large-scale settings. To achieve the goal of enhancing retroviral transduction with a scalable process, an ultrasound-mediated device was developed. Previously, ultrasound has been applied in the field of gene delivery either using shock waves [10] [11] [12] or in association with microbubbles [13] [14] [15] to create temporary pores on the cell membrane (ie, sonoporation). This study, instead, presents the use of ultrasonic standing wave fields (USWF) to overcome the obstacle of cell-retrovirus co-localization and investigates its feasibility in augmenting retroviral transduction of cytokine-independent hematopoietic cells.
The ability of USWF to drive cells to the sound pressure nodes in non-cavitating, MHz-frequency standing wave fields has been widely studied in recent years. [16] [17] [18] In an ultrasound-induced standing wave field (frequency in the MHz range), the fate of suspended small particles (diameter less than wavelength) is mainly affected by the primary acoustic radiation force and drag force. The primary radiation force shows a cubic dependence on the particle's diameter, 19 while the microstreaming drag force exerted on a particle is linearly proportional to its size. 20 This indicates that larger particles are mainly influenced by the radiation force, whereas the importance of drag force increases with decreasing particle size. The primary radiation forces drive the microparticles (ie, suspended cells) to the local potential energy minima within the pressure nodal planes, and give concentrated regions that appear as columns of clumps striated at half-wavelength intervals in the direction of ultrasonic waves. However, 100-nmsized retroviruses do not agglomerate on the nodal planes because the primary radiation force exerted on retroviruses is weaker than the microstreaming drag force, which leads retroviruses to circulate in the zones between nodal and antinodal planes.
In this study, we hypothesized that when retroviruses are dragged by microstreaming and are close to the regions where the cell clusters are preformed, they will use the cell bands as the nucleating sites to attach on. As a result, the probability that retroviruses encounter target cells before they decay is increased. To fortify the adsorption of retroviruses onto the target cell surfaces in USWF, cationic polymer (ie, Polybrene) playing the role of charge shielding was added in the medium to diminish the electrostatic repulsion force generated from the interaction between the negatively charged retrovirus envelope and cell membrane. Various operating factors such as USWF exposure time and cell concentration were investigated to optimize retroviral transduction efficiency using the acoustic standing wave device. The USWF system developed for retrovirus-mediated gene transfer is expected to greatly expand the scope of current methodologies because it can be easily scaled up for producing a large amount of gene-modified suspension cells (eg, hematopoietic stem/progenitor cells) for clinical purpose.
Results

Temporal progress of cell aggregation in USWF
The setup of generating USWF for concentrating cells and trapping retroviruses onto the nodal planes within a cylindrical chamber is shown in Figure 1 . Photographic images a-h, given in Figure 2 , illustrate the formation and evolution of cell bands under USWF exposure at 1 MHz and 25 V p-p (peak to peak). In the beginning, cells were homogeneously distributed in the medium (a). When USWF was applied, suspended cells were driven by primary acoustic radiation force (ie, primary Bjerknes force) and moved to the pressure nodal planes and started to form cell bands perpendicular to the direction of acoustic waves (b). Cell bands were formed in the interval of every half-wavelength in the standing wave fields (c). As time proceeded, more and more cells Figure 1 Schematic diagram of the experimental setup. USWF was generated at 1 MHz by applying a continuous sinusoidal 25 V p-p amplifier output signal (100% of duty cycle) to a 25-mm diameter and 2-mm thickness lead zirconate titanate piezoelectric transducer bonded on a plastic platform. Two wires soldered on the transducer were connected in series to an impedance matching transformer, an amplifier, and a computer-driven function generator. The transducer was smeared with glycerol as the coupling agent before the acoustic chamber was placed on it. After being filled with the medium containing cells and/or retroviruses, the acoustic chamber was capped with a glass to provide a smooth acoustic reflector for the generation of USWF. Figure 2 The fate of K562 cells within an acoustic chamber under 1 MHz USWF exposure at various transient time intervals of 0, 10, 60, 180, 300, 420, 540, and 1200 s. Photographs were taken by a digital camera in front of the tubular chamber placed on top of the transducer. The dark stripes were identified at separations of 750 mm (ie, half-wavelength of 1 MHz sound in water) between transducer and reflector. The width of each photograph matches the diameter of the tubular chamber, which is 14 mm. Total cell number used was 5 Â 10 6 in 5 ml medium.
Enhanced retroviral gene delivery Y-H Lee and C-A Peng arrived at potential wells and striated cell columns thickened and were clearer to observe (d). Then, probably under the influence of secondary radiation force (ie, secondary Bjerknes force) 21 generated from interparticle attraction, cell clusters were concentrated and compressed toward the central axis of the chamber (e). After 7-min USWF exposure, cell bands started to fall down due to gravity of large cell clumps (f). Most of the cell bands were disturbed after 9-min USWF exposure (g). For the cells exposed to USWF for 20 min, there were very few short cell bands left in suspension (h). Overall, during the period of USWF exposure, high concentrations of K562 erythroleukemia cell bands were formed by the radiation pressure at positions of every halfwavelength in the standing wave fields, and then gradually distorted by gravitational force once the duration of ultrasonic exposure was over 7 min.
Cell viability and retroviral infectivity following USWF exposure
As shown in Figure 3 , the cell viabilities for all experimental sets were over 95%, even with the group exposed in USWF for 20 min. To examine if USWF exposure has any deleterious effect on arresting cell growth, 3 Â 10 4 K562 cells were inoculated into 10-ml Tflask and continuously cultivated for 5 days. The growth kinetic curves given in Figure 4 revealed that, after 1-day lag phase, cell growth was accelerated with a similar specific growth rate (approximate 0.03 h À1 ) and eventually reached deceleration phase on day 5. Apparently, growth profiles of cells exposed to USWF for 10 and 20 min were basically the same as the one without USWF treatment.
Retroviruses, being literally unaffected by the radiation force that affects the cells, were dragged along in the acoustic microstreaming. However, exposed to such mechanical stress, enveloped proteins distributed on the surface of retroviruses might be shed and consequently diminish retroviral infectivity. To address this concern, the enhanced green fluorescent protein (eGFP)-encoding vesicular stomatitis virus G-protein (VSV-G) pseudotyped retrovirus was selected for its relative robustness in mechanical processing. 22 The infectivities of VSV-G-pseudotyped retroviruses after USWF exposure for various periods of time (0, 1, 3, 5 and 20 min) were examined by infecting NIH 3T3 cells. Figure 5 showed that the colony numbers after G418 antibiotic selection for all groups were in the range of 200720.
Effect of USWF exposure time on retroviral transduction
With high cell viability and retroviral infectivity assured under USWF, a 5-ml tubular chamber containing both suspended K562 cells (10 6 cells/ml) and VSV-G retroviruses (5 Â 10 6 CFU/ml) was placed on a PZT transducer driven with a voltage of 25 V p-p at a frequency of 1 MHz to examine the efficacy of USWF-mediated retroviral transduction. Since the duration of USWF exposure time plays an utmost important role in the interaction between cells and retroviruses, retroviral transduction rates were obtained at various ultrasonic exposure times (0, 1, 3, 5, 7, 9, and 20 min) in the presence of 8 mg/ml Polybrene. Figure 6 showed the photomicrographic images of K562 cells expressing eGFP under both bright-field and fluorescent microscopy after an additional 48-h incubation of cells with USWF treatments. As expected, the longer the USWF exposure time was applied, the more eGFP-expressing cells were observed. However, this increasing trend declined after 5-min USWF exposure. Percentages of eGFP-expressing K562 cells were quantitatively calculated, and are given in Figure 6 . In addition, the intensities of eGFP expression Enhanced retroviral gene delivery Y-H Lee and C-A Peng in K562 cells were detected by a fluorometric microplate reader, and are plotted as in Figure 7 . For both detecting methods, retroviral transduction efficiency increased with exposure duration and peaked at 5 min. In comparison with the one without ultrasonic treatment, retroviral transduction efficiency with 5-min USWF exposure increased 3.3-and four-fold based on fluorescent microscopy and fluorescence spectrophotometry, respectively. In addition, adding Polybrene in the medium led to a 1.5-fold increase of retroviral transduction when cells and retroviruses were exposed to USWF for 5 min (shown in Figure 7 ). Figure 8 shows that under the same ultrasonic output energy, the eGFP intensity obtained after 5-min UTWF exposure (1.1770.28 relative fluorescence units (RFUs)) was almost the same as the one without ultrasonic treatment (1.0870.28 RFUs). In comparison with a fourfold increment of eGFP intensity using USWF (4.5370.27 RFUs), sonoporation (if there was any) in the acoustic standing wave fields was shown not to be the mechanism enhancing retroviral transduction efficiency.
Retroviral transduction efficiency under USWF and ultrasonic traveling wave fields (UTWF) exposure
Cell concentration effect on USWF-mediated retroviral transduction
Aside from determining 5 min as an optimal USWF exposure time, clarifying the insignificant effect of sonoporation (ie, USWF versus UTWF), and addressing the Polybrene effect, there remains one more important operating parameter, that is, cell concentration. Given the height of an acoustic chamber as 38 mm and a halfwavelength of 0.75 mm, there should be about 50 cell bands in aqueous medium exposed under 1-MHz and 25 V p-p USWF. For three different cell concentrations used, 10 , and 10 6 cells, respectively. As shown in Figure 9 , by fixing the titer of retrovirus at 5 Â 10 6 CFU/ml and varying cell concentration, the transduction rate following 5-min USWF exposure was augmented when the cell concentration was increased.
With two orders of magnitude increase of cell concentration (from 10 5 to 10 7 cells/ml), the retroviral transduction efficiency revealed an approximately four-fold increment (from 1.6470.22 to 6.0370.25 RFUs) in eGFP expression.
Discussion
In the past decade, several physical approaches have been exploited to elevate the efficiency of retrovirusmediated gene transfer due to low retroviral titer. The physical forces employed to increase the encounter frequency between cells and retroviruses are gravitational, 6, 7 convective, 8 and magnetic. 9 It should be noted that these approaches are basically designed for anchorage-dependent cells rather than suspension cells. As a Polybrene ('). USWF exposure was applied for 0, 1, 3, 5, 7, 9, and 20 min, respectively, following the operating procedures described above. The retroviral transduction rates were then measured by detecting eGFP expression using a fluorometric microplate reader with excitation wavelength of 472 nm and emission wavelength of 512 nm after 48-h incubation at 371C. Error bars are the standard error of the mean RFUs obtained from three independent experiments (Po0.05).
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Y-H Lee and C-A Peng previously unexplored physical force in the field of retroviral gene delivery, primary radiation force generated by 1-MHz ultrasonic standing waves was harnessed in this study to see if retroviral transduction efficiency could be augmented. It is reasoned that the larger microparticles (ie, cells) form the bands in USWF first, and then smaller particles (ie, retroviruses) aggregate in the bands using the larger particles as seeds. One of the unique features of USWF-mediated retroviral transfer in comparison with other physical approaches is that it is suitable for suspension cells and therefore easy for largescale operation.
Since the K562 cells exposed to USWF endured acoustic radiation forces (ie, Bjerknes forces), cell viability under acoustic-induced mechanical stress was examined first. As shown in Figure 3 , more than 95% of cells treated with 20-min USWF exposure remained viable following 48-h incubation. Moreover, the specific growth rate of cells exposed to USWF for up to 20 min was not affected (shown in Figure 4 ), indicating no ultrasonic damage imposed on cells, which is consistent with a plethora of studies. 23, 24 Likewise, retroviral envelope proteins might be shed by the mechanical stress generated in USWF. In fact, diminution of retroviral infectivity during the process of concentration (ie, ultracentrifugation) and purification (ie, ultrafiltration) has been reported. 25, 26 This is because the association of gp70 (binding to cellular receptor) and p15E (fusion with plasma membrane) subunits of type C retroviral envelope protein is a labile disulfide linkage, which is not robust under shearing forces. 27, 28 Owing to the loss of gp70 subunit (or SU domain), the retrovirus cannot enter the target cell via receptor-mediated endocytosis. Since VSV-G consisting of a single polypeptide chain rather than two disulfide-linked chains has been demonstrated to be sturdy under the shearing force used to concentrate retrovirus by ultracentrifugation, 22, 29 VSV-G pseudotyped retrovirus was thereby selected for its potency of retaining infectivity under USWF irradiation. Indeed, according to the result shown in Figure 5 , the capability of VSV-G pseudotyped retroviruses to infect NIH 3T3 cells remained intact.
Irradiation time of USWF plays an important role. That is, longer exposure periods provide more binding opportunities between cells and retroviruses. However, it is limited and we found that 5 min was the optimal under 1 MHz and 25 V p-p of output energy with 10 6 cells/ml. It conflicted with the principle that the longer the USWF exposure time applied, the greater the total encounters between cells and retroviruses should be. So then, why would the transduction efficiency decline after 5-min USWF exposure? We surmise the cause to be that after 5 min, most of the cell bands flocculated into large cell clumps and settled down from suspension due to gravity (Figure 2 ). During the process of sedimentation, more weakly attached retroviruses peeled off from cell agglomerates due to strong drag force attributed to acoustic microstreaming and were left in the circulation zones. In addition, the secondary radiation force concentrated cells in clumps and thereby rendered the cell bands contracted. 20 Therefore, the available contact areas for retroviruses to attach on were smaller and led to a lower transduction rate.
To determine retroviral transduction efficiency quantitatively, total eGFP intensity expressed by transduced cells was detected by fluorescence spectrophotometry. Although detecting the intensity of reporter gene expression is a common approach in transfection studies (eg, detection of luciferase activity by luminometry), it is impossible to assess the proportion of cells infected because high levels of eGFP intensity could arise from a relatively small proportion of target cells. Hence, the percentages of cells retrovirally transduced were further calculated using fluorescent microscopy. According to the calculations carried out with the photomicrographic images taken by both bright-field and fluorescent microscopy (listed in Figure 6 ), the fold increments of retroviral transduction efficiency were similar to the results detected by the fluorometric microplate reader 5 , 10 6 , and 10 7 cells/ml, were exposed to USWF at 1 MHz and 25 V p-p for 5 min, respectively. The media of all groups were added with 8 mg/ml Polybrene and contained fixed retroviral titer (5 Â 10 6 CFU/ml). Cell concentration of 5 Â 10 5 cells/ml was sampled for all groups to quantitatively determine the rates of retroviral transduction. The relative fluorescence intensity of eGFP expressed in infected K562 cells was measured by a fluorometric microplate reader after 48-h incubation. Error bars are the standard error of the mean RFUs obtained from three independent experiments (Po0.05).
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(shown in Figure 7) . Therefore, retroviral transduction efficiency determined by fluorescence spectrophotometry in this study is reliable enough to reflect the percentage of eGFP expressing cells.
As shown in Figure 7 , in addition to the effect of USWF exposure time, Polybrene offering charge shielding plays an important role in retroviral transduction in USWF. USWF alone without the addition of Polybrene is enough to enhance DNA delivery efficiency up to three-fold in comparison with the control (ie, no USWF treatment) containing Polybrene. However, under USWF exposure, fluorescence intensity of eGFP detected in K562 cells in the presence of 8 mg/ml Polybrene was roughly 1.5-fold higher than those without Polybrene. This is due to the positively charged polymer helping to overcome electrostatic repulsion once microstreaming forces have dragged retroviruses in close proximity to the preformed cell bands, thereby promoting the binding of retrovirus on the surface of target cells.
To verify that the enhanced retroviral transduction was mainly attributed to USWF rather than sonoporation generated by tiny acoustic cavitation, the level of eGFP expression in K562 cells was determined using UTWF, where cells and retroviruses remained homogeneously distributed in the culture medium, and were continuously exposed to high local pressure amplitudes. Since the ultrasonic intensity applied to USWF and UTWF system was the same (ie, 25 V p-p ), the degree of sonoporation, if there was any, has to be identical in both acoustic fields. Therefore, if sonoporation plays a dominant role in enhancing retroviral transduction efficiency, the latter one should have an intensity of eGFP expression in cells similar to that of the former one. However, the eGFP intensity obtained after 5-min UTWF exposure was almost the same as the one without ultrasonic treatment (see Figure 8 ). In comparison with a four-fold increment of eGFP intensity using USWF, sonoporation in the acoustic fields was shown not to be the mechanism for enhancing retroviral transduction efficiency. As the prominent difference between USWF and UTWF is that cells form bands in the former one and not in the latter one, it is reasonable to infer that cell clusters established on the nodal planes act as nucleating sites for the entrapment of retroviruses circulated by acoustic microstreaming.
It is foreseeable that cell concentration (ie, cell number per area on a nodal plane) can affect retroviral gene delivery efficiency. The reason is that the cell number allocated in each cell band by USWF increased with high cell concentration used and thereby provided a larger nucleating surface area for retroviruses to attach on. However, the increment of eGFP expression was not increased linearly with the cell number. A possible interpretation is that cell agglomerate with larger mass would settle down earlier and retroviruses attached on cell surfaces could be swept away by acoustic microstreaming as described above. Another scenario is that individual cells in larger clumps are hidden sooner from infection by circulating viruses than would be the case in lower cell concentration. On the other hand, it is expected that under USWF exposure, increasing retroviral concentration with a fixed cell concentration will enhance the efficiency of transduction.
Owing to energy lost in the path of electrical power delivery from amplifier to PZT transducer, the culture medium in the acoustic chamber was heated up and gave rise to thermal convection, which could disturb cell band formation and diminish retrovirus-cell encounters. To mitigate heat production on the PZT transducer, a coolingloop system configured with acoustic chambers is the most commonly used method. 30, 31 In this study, instead of maintaining constant temperature of the acoustic chamber by the circulation of cooling water, an impedance matching transformer was employed (Figure 1) . By connecting this device between amplifier and PZT transducer, the energy output from the amplifier will be transformed to the PZT transducer with minimum energy dissipation. Our results after 20-min USWF exposure showed that the increment of chamber temperature was less than 11C (data not shown), verifying the thermalinduced convection in USWF could be ignored.
In addition to the aforementioned factors (eg, exposure time, Polybrene, etc), the intensity used in USWF also plays a crucial role in retroviral transduction efficiency. The intensity used in this study was expressed in the format of voltage (ie, 25 V p-p ). However, voltage is merely an output from the amplifier and cannot genuinely represent the intensity of USWF in situ. Since radiation force and microstreaming drag force are all directly proportional to pressure squared, 20 pressure amplitudes need to be determined by hydrophone measurement for further quantitative analysis in the resonant acoustic field.
Finally, for clinical use, the tubular acoustic chamber developed here needs to be extended into a large-scale setting. Although the knowledge gained from the batch operation of USWF lays the foundation for chamber scale-up, bulk-type Eckart streaming different from aforementioned microsteaming has to be considered. In large-scale ultrasonic fields, the strong drag force associated with Eckart streaming may prevent suspended cells from moving to nodal planes or even disrupt cell agglomerates. To mitigate such deleterious Eckart streaming effect in USWF for the enhancement of retroviral transduction, acoustically transparent films can be deployed perpendicular to the direction of acoustic waves to divide the large-scale chamber into domains of shorter free path length, which could diminish the bulk streaming velocity, hence favoring cell band formation on nodal planes. 32 
Materials and methods
Cell line and cell culture
Human erythroleukemia K562 cells (ATCC; American Type Culture Collection, Rockville, MD, USA) were cultured in a spinner flask with Dulbecco's modified Eagle's medium (DMEM; Mediatech Inc., Herndon, VA, USA) supplemented with 10% fetal bovine serum (FBS; Irvine Scientific, Santa Ana, CA, USA), and 100 U/ml penicillin-streptomycin (Irvine Scientific). Cell culture was performed in a 371C incubator balanced with 5% CO 2 in 100% humidity.
Preparation of VSV-G pseudotyped retrovirus
eGFP and Neo r gene-encoding VSV-G pseudotyped retroviruses were produced from the packaging cell line times, respectively. During transduction, the culture dishes were swirled every 30 min and 3 ml of DMEM with 10% FBS was added in each well after 2 h to complete the transduction. The overnight media were replaced with 3 ml of DMEM with 10% FBS containing 0.6 mg/ml of G418. After 7 days of culture, formed colonies were rinsed with PBS and then stained by 1% (w/v) methylene blue in methanol (Sigma) for 15 min. Stained colonies were counted after the culture wells were washed with distilled water. The retroviral titer defined as colonyforming units per ml (CFU/ml) was calculated by multiplying the number of colonies with the dilution factor and 1/V where V is the volume of virus-containing medium added.
Setup of acoustic apparatus
USWF was generated at 1 MHz by applying a continuous sinusoidal 25 V p-p amplifier output signal to a piezoelectric transducer made of a 25-mm diameter and 2-mm thickness lead zirconate titanate disc (model PZT5800; Channel Industries Inc., Santa Barbara, CA, USA) bonded on a plastic platform to bring retroviruses and cells into close contact (Figure 1 ). The oscillation signal was generated from a 16-MHz function generator card (model NI PCI-5401; National Instruments Corp., Austin, TX, USA), which was driven by a computer, and further transferred through an amplifier (model 7500; KrohnHite Corp., Brockton, MA, USA), and an impedance matching transformer (model MT-56; Krohn-Hite Corp., Brockton, MA, USA). The acoustic chamber was a transparent cylindrical tube made of glass with dimensions of 13-mm inner diameter, 38-mm height, and 0.5-mm thickness. Before placing the acoustic chamber, the transducer was smeared with glycerol as the coupling agent on the surface. After the tube was filled with the medium containing cells and/or retroviruses, the chamber was capped with a glass coverslip to provide a smooth acoustic reflector for the generation of USWF.
Cell viability and retrovirus infectivity following USWF exposure
A total of 2.5 Â 10 6 human erythroleukemia K562 cells in the exponential growth phase were collected from the spinner culture flask. After centrifugation, cells were resuspended in 25 ml of medium containing DMEM with 10% FBS and 100 U/ml penicillin-streptomycin. A 5-ml aliquot of the desired cell suspension (3 Â 10 5 cells) was introduced into five glass chambers and exposed to USWF for 0, 5, 10, 15, and 20 min at 1 MHz and 25 V p-p , respectively. After USWF exposure, cells in each glass chamber were transferred to spinner culture flasks, respectively, and incubated at 371C with 5% CO 2 for 5 days. The cells exposed in USWF for various time periods were cultivated for an additional 24 and 48 h to examine the viability, using a hemocytometer with the trypan-blue exclusion method. Cell concentrations in three of the five sets (ie, 0, 10, and 20-min USWF exposure) were also measured for 5 days to evaluate cell proliferation following USWF treatment.
To examine if VSV-G pseudotyped retrovirus can retain its infectivity after USWF exposure, a set of 5 ml of retrovirus-containing medium was exposed to 1 MHz and 25 V p-p of USWF for 0, 1, 3, 5, and 20 min, respectively. Aliquots of USWF-treated retroviral media were then collected from each time point and used to infect NIH 3T3 cells with 3 Â 10 4 cells/ml. The retroviral infectivity after USWF exposure was estimated by comparing neomycin-resistant colonies formed after G418 selection 7 days later. In order to clearly distinguish colonies for counting, USWF-treated retroviral media for all sets were diluted 1000-fold and then layered atop NIH 3T3 cells for infection.
Retroviral transduction under USWF exposure
A total of 7.0 Â 10 7 K562 cells in the exponential growth phase were collected from the spinner flask. After centrifugation, cells were resuspended in 70 ml of VSV-G pseudotyped retrovirus-containing media (DMEM supplemented with 10% FBS; titer was determined as mentioned above). A measure of 5 ml of the cell suspension (5 Â 10 6 cells plus retroviruses) was aliquoted into each of the 14 glass chambers. To examine the effect of cationic polymers on facilitating transduction rate via neutralizing electrostatic repulsion force between cells and retroviruses, seven glass chambers were done in the absence of Polybrene and the rest of them were added with 8 mg/ml Polybrene. Each glass chamber was then displaced on the transducer smeared with glycerol, and USWF exposure was applied for 0, 1, 3, 5, 7, 9, and 20 min. After USWF exposure, cells in each set were incubated for 4 h at 371C, and then spun down and resuspended into 10 ml T-flasks. After an additional 48-h incubation at 371C, photomicrographic images of K562 cells with eGFP expression were taken under both bright-field and fluorescent microscopy. Percentages of retrovirally transduced K562 cells (ie, with the expression of eGFP) for all groups were calculated by counting cells in 10 bright-field and fluorescent microscopic zones (Olympus, Melville, NY, USA). In addition, the relative fluorescence intensities of eGFP expressed in K562 cells were measured by a fluorometric microplate reader (SpectraMax M2; Molecular Devices Corp., Sunnyvale, CA, USA). Before quantitatively determining the rate of 
UTWF versus USWF
In order to distinguish the effect of USWF from sonoporation on retroviral transduction, three additional test groups were run, which each contained 5 ml of cell supernatant (5 Â 10 6 cells plus retroviruses) with 8 mg/ml Polybrene: a control with cells and retroviruses only (A), one exposed to ultrasonic traveling wave fields (UTWF) (B), and one exposed to USWF (C). For (B), the USWF setup was modified by using a matte coverslip, absorbing sinusoidal waves and allowing for UTWF instead. After sonication of groups (B) and (C) with 1-MHz and 25-V p-p acoustic wave for 5 min, all cells were incubated at 371C for 4 h and then transferred into 10-ml T-flasks and cultivated for another 48 h. The intensities of eGFP expressed in K562 cells were measured using the fluorometric method mentioned above.
Retroviral transduction using various cell concentrations
Acoustic chambers containing fixed retroviral titer (5 Â 10 6 CFU/ml) and various cell concentrations of 10 5 , 10 6 , and 10 7 cells/ml, respectively, were exposed to 1-MHz and 25-V p-p USWF for 5 min. All the experimental operations were performed in the presence of 8 mg/ml Polybrene. After USWF treatment, the operating procedures for the three sets were the same as mentioned above within 48 h. Before quantitatively determining the retroviral transduction efficiency by detecting eGFP expression, three samples were transferred to 12-well culture dishes with the same cell concentration of 5 Â 10 5 cells/ml. The relative fluorescence intensity of eGFP expressed in infected K562 cells was measured by a fluorometric microplate reader after 48 h of incubation.
Statistical analysis
All of the experimental data were obtained in triplicate and presented as mean7standard error of the mean. Statistical comparison by the analysis of variance (ANOVA) was performed at a significant level of Po0.05 based on the Student's t-test.
